Abstract-Electromagnetic duality is used to design a multi-port traveling-wave slot-ring antenna with on-chip driver circuitry to create a fully integrated radiator. By creating a slot version of the multi-port driven antenna, the required exclusive use area of the antenna is significantly decreased, while still being able to perform impedance matching, power combining, and power transfer off chip through electromagnetic radiation in a single step. The driver core consists of an oscillator followed by three amplification stages. A split path inductor design was utilized to reduce the radiator's dependence on process variation in the metal stack while ensuring proper isolation between the four quadrature paths. The slot radiator has a simulated antenna efficiency of 39% and a measured single-element effective isotropic radiated power of 6.0 dBm with a total radiated power of 1.3 dBm at 134.5 GHz.
I. INTRODUCTION
T RANSISTOR performance increases in silicon CMOS processes have enabled reliable and cost effective millimeter-wave systems, which open up new applications that can take advantage of the high integration level of CMOS to incorporate digital, baseband, mixed-signal, RF, electromagnetic (EM), and radiating designs on a single die [1] - [4] . At high millimeter-wave frequencies, traditional methods of power transfer off chip such as wire bonding and flip chip become increasingly lossy as their self-resonant frequencies are reached, significantly degrading the performance [5] , [6] . However, at these frequencies, the dimension of a wavelength becomes comparable to the dimensions of the chip, allowing for efficient power transfer using antennas to radiate directly from the chip using standard planar CMOS metal layers [7] - [16] .
Two types of antennas commonly used on-chip include patch and wire antennas such as dipoles, loops, and our previously published multi-port driven (MPD) wire antennas [8] , [9] . Patch antennas have the benefit of being able to shield the antenna Fig. 1 . Example of EM duality for a dipole antenna, with the cross section of the beam, and and fields shown. The dual complement of this is the slot dipole, where the series source of the dipole has been replaced with an orthogonal source across the slot, and the and fields have been normalized and swapped.
from the lossy doped substrate by putting a ground plane on the lowest metal without a significant loss in radiation efficiency. However, their resonant nature means that they become narrowband, and occupy a large exclusive use area for the antenna unless the ground plane is raised to a higher metal layer, reducing the efficiency of the antenna. Wire antennas, on the other hand, are often exposed to the substrate, though work has been done to minimize the amount of power lost through coupling to substrate modes. They also usually require all metals to be pulled back from the antenna to prevent mirror currents that would cancel out their radiation. This both increases their exclusive use area, as well as requires the use of metal fill exclude or a low fill marker similar to that of an inductor to prevent eddy currents in the fill that can cause a significant degradation to radiation efficiency.
One way to reduce the exclusive use area of the antenna and the low fill requirement is to use EM duality [17] to create a slot dual of a wire antenna, such as a slot dipole or folded slot dipole [18] , as shown in Fig. 1 . One issue common to single port slot antennas and wire antennas is that if large output powers are desired, multiple output amplifier stages need to be utilized, and on-chip power-combining and impedance-matching techniques at millimeter-wave frequencies introduce significant loss. One way to alleviate this issue is to make larger arrays of antennas, but this comes at the cost of a significantly larger area. Alternatively, creating new antennas that are driven by multiple ports and still less than a wavelength in any dimension enables power combining, impedance matching and power transfer through on-chip radiation simultaneously through the same EM structure [9] . These MPD antennas also can have slot duals, which allow for a low exclusive use area, as well as the power-combining, impedance-matching, and power-transfer benefits [7] . This paper presents a slot-based multi-port radiator that creates a traveling wave around the multi-port slot ring antenna by driving it at four different points in quadrature to create circularly polarized radiation directly from the chip. In addition to the details provided in [8] , this paper covers design considerations for the complementary wire antenna and the application of EM duality to create the slot antenna. It also provides expanded discussion on design and simulation of the radiator core's circuitry including the oscillator, amplifier chains, and passives, along with expanded analysis of the measurement results of the overall radiator. This paper is organized as follows. Section II presents the design and simulation of the multi-port slot antenna using EM duality. After that, the integrated driver circuitry design and simulation including quadrature oscillator and amplifier stages are discussed in Section III. Next, Section IV presents the measured results of the fabricated chip before this paper is concluded in Section V.
II. SLOT ANTENNA DESIGN

A. Electromagnetic Duality for Slot Antennas
Electromagnetic duality as it relates to slot antennas comes from Babinet's principal, which states that if the fields behind a conducting screen with an opening are added to the fields of its complementary structure, the resulting summation is equal to the field produced when there is no screen [19] . This observation of screens in the presence of EM fields can be applied in the case where the screens themselves are being excited and producing their own radiating fields. The fields produced by the complement of the known antenna are the same as if a fictional magnetic current replaced the electric currents of the known wire antenna, which has the effect of replacing the external fields with and with , where and are the electric and magnetic fields, the subscripts and denote the wire and slot antennas, respectively, and is the characteristic impedance of the medium. Also, the series sources of the wire antenna are replaced with parallel sources across the slot antenna, as depicted in Fig. 1 . This result means that a wire antenna that radiates effectively will also have a slot dual that radiates effectively, with a similar radiation pattern, but possibly with different polarizations, as the directions of the far field and vectors have changed. An example shown in the figure is that of a dipole, with a series source located at the origin, along with its complement slot dipole, and the resulting change in and fields.
B. Traveling-Wave Slot Antenna
The multi-port traveling-wave slot antenna is created by taking the complement of a multi-port ring antenna whose ports are driven in series along the ring, as shown in Fig. 2 [7] . The ring is about one wavelength in circumference. The series ports along the ring of the wire version of antenna contrast to [9] , where current was injected into the ring at ports around the ring. These series ports still create a traveling wave, which can be better understood by using symmetry and source substitution. The symmetry of the antenna means that when driven in quadrature these four power sources will have the same voltage and current running through them, each phased 90 apart. For this specific drive setup, source substitution can be used to replace the power sources with their equivalent current sources. Fig. 2 . Electromagnetic duality for the MPD slot ring antenna converts a fourseries port wire ring antenna into a four-port slot ring driven in quadrature, producing a traveling wave around the ring and circular polarization in the far field. Fig. 3 . Current distribution on the four-series port ring antenna when two of the ports are at their maximum amplitude, while the other two have zero amplitude. This current distribution then rotates around the ring in a traveling-wave fashion over one oscillation period.
Looking at the antenna with current sources, each source is located about a quarter-wavelength around the ring and driven 90 out-of-phase compared with the source that follows it. This means that when one of the sources is at a maximum, the source opposite from it on the ring is also at a maximum, with a 180 phase shift, and a 180 change in direction due to the curvature of the ring, which makes its current pointed in the same direction in space. At the same instant, both of the other two sources 90 out-of-phase will have zero amplitude, with the current creating a sinusoidal wave in a similar manner to a current wave on a transmission line, as shown in Fig. 3 , which then rotates around the ring as a traveling wave over one period of oscillation. The far-field electric-field in the broadside direction due to a set of currents on a plane can be expressed as (1) The two current maximums on the ring are always pointed in the same direction at any given instant, which means that the integration of that current around both sides of the ring will add constructively, and thus radiates effectively. This circularly The inner ground plane extends orthogonally across the slot out to the edge of the chip to provide a bond pad to sink the dc current, and the outer ac ground plane is biased at VDD to provide dc power to the driver circuitry through the antenna feeds.
traveling current wave creates a circular polarization in the far field.
The complement of this wire antenna is a slot ring driven across the slot at four ports in quadrature. This will create a radiated field equivalent to having a fictitious magnetic current traveling wave identical to the electrical current traveling wave of Fig. 3 , and since the wire antenna radiates effectively, so will its slot dual. When the and fields are swapped, the polarization is also rotated 90 in space, but because the polarization is still circular, a 90 shift in space is identical to a 90 shift in phase.
The antenna is divided into two pieces of metal by the slot ring, an inner ground plane, and an outer ac ground plane. In order to drive the four antenna ports across the slot, microstrip transmission line feeds are used where the ground plane of the transmission line is the inner ground of the antenna, and the signal line crosses the slot and connects to the outer ground plane to drive the port, as shown in Fig. 4 . The drive circuitry is located at the center of the antenna and consists of a quadrature oscillator followed by amplification stages and is discussed in Section III. The output of the driver circuitry is routed using these microstrip transmission lines to the antenna's ports, maintaining similar line lengths to preserve amplitude and phase matching. The physical size of the inner ground is on the same order of magnitude as the wavelength, meaning that it must be considered as a distributed element, rather than a lumped element. This means that the local, rather than a global, ground reference must be considered at the input to the feed microstrip transmission lines, as well as at the ports of the antenna that the feed lines drive.
The outer ac ground plane is biased at VDD and the supply is fed through the transmission lines to the driver circuitry.
The slot ring is a complete ring, isolating the inner ground plane from the outer ground plane, so a secondary line is fed orthogonal to the slot from the inner ground plane out to a bond pad at the edge of the chip to provide a dc ground current path, as seen in Fig. 4 . Routing this line orthogonal to the slot minimizes its interaction with the radiation, but does create an asymmetry that shifts this angle of the radiated beam off of the broadside axis and detuned the polarization away from the ideal circular polarization axial ratio of 0 dB. Additional taps can be added to increase the symmetry of the radiator, and thus the radiation pattern and polarization, but come at a cost of additional on-chip loss, due to the finite quality factor of the EM structures.
The substrate also creates challenges for antennas integrated onto lossy silicon substrates. Most of the power will be radiated down into the substrate due to the higher dielectric constant of silicon. This radiator is designed for direct backside radiation without a lens. The entire four-port traveling-wave slot antenna with the silicon substrate was simulated using Ansoft HFSS, and exhibits a simulated maximum gain of 3.0 dBi, a 3-dB bandwidth of the gain of the antenna of 48 GHz, and radiation efficiency of 39%, with a single lobe radiation pattern (shown along with the measured pattern in Fig. 18 ). The simulated polarization axial ratio is 3.1 dB, which corresponds to a cross polarization of right-handed circularly polarized radiated field compared with the desired left-handed circularly polarized radiated field of 14.9 dB. The tolerance of the antenna to significant phase mismatch of 15 of the quadrature signals is also simulated to affect the antenna gain by less than 0.2 dB and polarization axial ratio by 1.2 dB.
III. CIRCUIT DESIGN AND SIMULATION
Efficient radiation of circularly polarized slot antennas relies on generation of correct phases through driving circuitry. Quadrature signals must be generated to drive the antenna at the desired ports. In this work, we have designed a quadrature oscillator to meet this requirement. Fig. 5 shows the block diagram of the driving circuitry. The quadrature oscillator generates two differential sets of signals whose phases are 90 apart, i.e., and . Each differential set is amplified through three buffer stages, which provide additional power, as well as isolation between antenna and oscillator inductors. The four final output lines of the last buffers ( , , , and ) are then routed to the corresponding ports on the slot antenna through microstrip transmission lines. This requires crossing two of the lines ( and ) such that the correct sequence of the phases appears on the antenna.
A. Oscillator and Inductor Design
The quadrature oscillator provides the four required phases to drive the slot antenna for circularly polarized radiation. Quadrature signal generation is achieved by coupling two differential cross-coupled pair oscillators to each other. Previously, it has been shown that coupling two cross-coupled oscillators through parallel transistors is sufficient to achieve quadrature oscillation [20] . However, generation of accurate quadrature signals through such a coupling mechanism requires strong coupling (large parallel transistors) between the two oscillators, which, in turn, degrades the phase noise of the generated outputs [21] . To avoid strong quadrature coupling through large parallel transistors, we have used two simultaneous coupling mechanisms between the two oscillators.
The first coupling mechanism happens through the resistive network , which couples the two oscillators at the tails by second harmonic injection between them, as seen in Fig. 6 . Assuming this symmetric two-port network as the only coupling mechanism between the two oscillators for the moment, the overall coupled system can be considered as a four-port network whose voltage-current relationship is described by , where and are vectors of voltage and current phasors of the four output ports, respectively, and is the impedance matrix. The existing symmetries in the network enforce that , , and
. Thus, the analysis done in [22] predicts that such system can support four modes of operation corresponding to the four eigenvectors of the system,which are: 1) common-mode oscillation (where all four outputs oscillate with the same phase, ); 2) differential-mode oscillation (where each oscillator's output is differential, but the two differential sets have the same phase, ); 3) leading quadrature-mode oscillation ; and 4) Lagging quadrature-mode oscillation . According to the antenna structure, the first two modes would not result in effective circularly polarized radiation since their generated phases do not match proper driving requirements at the antenna ports. However, either of the last two modes is suitable for desired radiation and the only difference between them is the handedness of the circular polarization. The resistive network, on its own, provides strong coupling between the two oscillators, which guarantees their phase locking in one of the four possible modes, even in the presence of unwanted coupling through parasitics and substrate, but does not provide any selectivity between the desired and undesired modes to guarantee quadrature operation. Thus, a second mechanism is required to stop the two undesired modes of oscillation while allowing either of the last two modes to be generated. These tasks are performed by adding small quadrature coupling transistors in parallel with the cross-coupled transistors as the second coupling mechanism to the circuit, as depicted in Fig. 6 . It should be noted that the major difference between this design and the traditional parallel quadrature coupling of two cross-coupled oscillators is that in this design the strong coupling between the two oscillators mostly happens through the resistive network at the tails and the parallel transistors only need to be strong enough to push the circuit into quadrature mode out of the possible modes of operation. Thus, with this approach smaller transistors (3 m) relative to cross-coupled transistors (30 m) are required for quadrature coupling and with smaller transistors and stronger resistive coupling phase noise degradation would be lower compared to the traditional design.
Another important parameter in the design of quadrature oscillators at 135 GHz is the tank inductor design. In order to have enough margin for reliable oscillator startup, large transistors have been used to provide sufficient , which, in turn, reduces the required inductance value for oscillation at 135 GHz. Lower inductance value increases the sensitivity of the oscillation frequency to any inductance deviation from the nominal value due to possible simulation inaccuracy or process variation in the metal stack. In this work, we have used a custom EM structure, as well as extensive EM simulations and modeling to design the tank inductors as a parallel combination of larger and more reliable inductors to overcome this issue. Fig. 7 shows the 3-D structure of the two tank inductors that was used in Ansoft HFSS for EM simulation. Microstrip transmission lines have been used to implement the inductors. Each of the upper and lower structures correspond to one differential inductor for one of the cross-coupled pair oscillators and the open area in the middle of the ground plane corresponds to the location of oscillator active devices, which were excluded from EM simulation. Each differential inductor consists of four single-ended inductors that are formed by shorting four transmission lines to VDD at two of the corners through two via stacks. In other words, the drain of each transistor of the crosscoupled pair is connected to VDD through two parallel inductors, which are twice the size of the required inductance for oscillation at 135 GHz. Such a structure reduces the sensitivity of oscillation frequency to inductance variation since the reliability in the design and simulation of larger inductors is much higher compared to small inductors.
The simulation setup includes six ports on each of the two inductors: two input ports (the drains of cross-coupled transistors), two output ports (the gates of first buffer stage), and two VDD ports (at the two VDD taps for each differential inductor). The first step to verify that such a structure is practical for our quadrature oscillator is to make sure that the EM coupling between the upper and lower inductors is negligible. Otherwise, such interaction between the two inductors would affect the other two coupling mechanisms that are implemented with circuit components and could significantly affect quadrature operation. To evaluate this concern, magnitudes of all the S-parameters between one of the input ports of the upper inductor and all six ports of the lower inductor are plotted in Fig. 8 . As can be seen on the plot, the isolation between all the ports is more than 42 dB over a wide frequency range from 120 to 140 GHz, which means that EM coupling between the two inductors would not be an issue.
The next step in the design of tank inductors is to use a circuit simulator to simulate the oscillation frequency of the whole quadrature oscillator including both circuit elements and EM structures. Running such a simulation through periodic steady state (PSS) or transient analysis in Cadence by using the simulated S-parameter matrix directly from HFSS requires EM simulation of the structure down to very low frequencies. Furthermore, convergence time for such circuit simulations is very large even if the structure is EM simulated at very low frequencies. To overcome this issue, we used an equivalent-circuit model for the inductors based on the physics of their EM structure, as shown in Fig. 9 .
The values of the circuit elements in this model are optimized by Agilent ADS so that the corresponding S-parameters of the equivalent-circuit model and the EM simulated structure in HFSS are matched over a wide frequency range of 120-140 GHz. It should be noted that due to large isolation between the upper and lower inductors, we are able to neglect the EM coupling between them and use the same circuit model for both of the two inductors. Fig. 10 demonstrates the accuracy of the model by comparing two of the S-parameters ( and ) of the equivalent-circuit model and HFSS simulation as an example. As can be seen from these plots, the model is well matched to the EM simulated structure over the desired frequency range.
Using the equivalent-circuit model together with the extracted layout of the rest of the quadrature oscillator circuit, shown in Fig. 11 , we can simulate the oscillation frequency. Fig. 12 shows the simulated waveforms of the quadrature oscillator with such simulation. The simulated frequency of oscillation is 131 GHz and the waveforms verify quadrature oscillation as expected. 
B. Amplifier Design
Each of the two differential outputs of the quadrature oscillator is fed to a chain of differential buffer stages after which they drive the antenna ports. This allows for considerable isolation between the antenna and quadrature oscillator and minimizes the effect of the antenna on oscillation frequency. The buffer stages are implemented as differential amplifiers to enable using differential inductors to take advantage of the virtual grounds and reduce the amount of required bypass capacitance for proper differential performance. The schematic of the buffer chain is shown in Fig. 13 . All three buffers are cascode stages and are accordingly sized to maintain sufficient power levels. The first buffer is 20-m wide, the second one is 40-m wide, and the last stage consists of 60-m-wide transistors. Impedance matching between the buffer stages is performed by shunt inductors and series capacitors, which also serve as ac coupling capacitors to allow using different bias voltages for the input gates of each stage and the output drains of the previous buffer. The matching inductors are implemented by microstrip lines and were designed and simulated in Ansoft HFSS to achieve pH and pH and the matching capacitors values are fF and fF. The total simulated output power going into the four ports of the antenna is 3.6 dBm. The main design variable for impedance matching of the output stage of the amplifier to the antenna is the size of the output stage's shunt inductor . The widths of the feed lines can also be modified to affect the match, but are more limited by layout constraints.
IV. MEASUREMENTS
The radiator was fabricated using IBM's 32-nm CMOS silicon-on-insulator (SOI) process with 11 copper metal layers, as well as a top aluminum redistribution layer. The VDD plane was implemented using the eighth and ninth metal layers, the inner ground used the fifth and sixth metal layers, and the microstrip transmission lines and inductors were implemented on the eleventh metal layer. A 6-m-wide strip of metal fill exclude is implemented directly around the slot itself (3 m on each side of the slot) to prevent loss caused by the fill in the regions of highest electric field. Due the the narrowness of this fill exclude, it does not violate any standard design rules of the process. Foundry approved fill exclude is also implemented for the top six metal layers under the transmission lines and inductors. A die photograph of the radiator with a breakout photograph showing the antenna, amplifier inductors, and fill exclude is given in Fig. 14 .
The chip is mounted on a piece of transparent tape to enable backside radiation. To provide dc supply and a bias adjustment, the tape is attached to the back of a printed circuit board (PCB) with a cutout for the chip, enabling wire bonds to connect from the top of the chip to the top of the PCB, as shown in Fig. 15 .
The PCB is then mounted to a 2-D stepper motor that allows for antenna pattern measurements oriented so that the radiating backside of the chip is facing outward, as shown in Fig. 16 . The radiated signal is received using a 23-dB gain (provided by the manufacturer) linearly polarized horn antenna. The antenna is placed 9 cm away from the chip. After the antenna, the signal is fed either into an Erikson Power Meter PM4 calorimeter for absolute power measurements or into an Pacific millimeter-wave model DM eleventh harmonic mixer. After that the baseband signal is amplified and the spectrum is read by a spectrum analyzer.
The horn antenna captures the projection of the radiated electric field onto the axis of the horn's polarization. By rotating the antenna 180 , and measuring this projection at many points in between, the major and minor axes of the polarization ellipse can be identified, and the polarization ratio of those two axes gives a measure of how close the measured radiation is to circular polarization. The radiated signal is first captured by the PM4 power meter, capturing 1.55 mW of power summed from two measurements taken with orthogonal antenna polarizations. Given the 23-dB gain of the antenna and 9-cm distance to the chip, the Friis equation can be used [19] to calculate the effective isotropic radiated power (EIRP) to be 6.0 dBm, similar to the simulated EIRP of 6.6 dBm. This data is then used to calibrate the harmonic mixer and spectrum analyzer. This calibrated spectrum is shown in Fig. 17 . The spectrum shows a tone at 134.5 GHz compared with the simulated oscillator frequency of 131 GHz.
The axial ratio of the radiator is measured to be 3.3 dB. This corresponds to a cross polarization of right-handed circularly polarized radiated field 14.8 dB compared with the desired left-handed circularly polarized radiated field. Small cracks due to chip dicing were also observed and may have contributed to further asymmetry.
Next, the chip was rotated in two dimensions to measure the radiation pattern. The full radiation pattern measurement was taken twice with the linearly polarized receiver antenna oriented in two orthogonal polarizations whose summation gave the total power flux in any given direction regardless of the radiated polarization. Two elevation radiation planes of this total radiated power are plotted in Fig. 18 along with the simulated pattern for orthogonal cases when and and from to , limited by the measurement setup. Integrating the power flux over the entire cone angle from to yields a total measured radiated power of 1.3 dBm, compared with the simulated total power of 0.5 dBm. The radiator draws 140 mA from a single 1.2-V source and occupies an area of 1.2 mm . A comparison to other state-ofthe-art integrated radiators in silicon that do not use external dielectrics or lenses is given in Table I .
V. CONCLUSION
Electromagnetic duality was used to take a wire antenna design and create a multi-port traveling-wave slot antenna. This slot antenna still has effective radiation while occupying much less exclusive use area. This can allow for other circuitry to be added without increasing the area, and does not require large areas of fill-exclude or low density fill with just a 6-m fill exclude across the slot and under the oscillator inductors, and full density fill everywhere else. The multi-port slot ring antenna is driven at four ports in quadrature to create a traveling wave around the ring that produces circular polarization in the far field. These ports are driven by an amplified quadrature oscillator that employs an inductor layout designed to minimize degradation due to process variation and parasitic inductance and capacitance. The measured radiation achieves a 6.0-dBm EIRP with a single element and radiates a total of 1.3 dBm at 134.5 GHz.
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